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A substantial fraction of precipitation is associated with meso-
scale convective systems (MCSs), which are currently poorly repre-
sented in climate models. Convective parameterizations are highly
sensitive to the assumptions of an entraining plume model, in
which high equivalent potential temperature air from the bound-
ary layer is modified via turbulent entrainment. Here we show,
using multiinstrument evidence from the Green Ocean Amazon
field campaign (2014–2015; GoAmazon2014/5), that an empirically
constrained weighting for inflow of environmental air based on
radar wind profiler estimates of vertical velocity and mass flux
yields a strong relationship between resulting buoyancy measures
and precipitation statistics. This deep-inflow weighting has no
free parameter for entrainment in the conventional sense, but to
a leading approximation is simply a statement of the geometry
of the inflow. The structure further suggests the weighting could
consistently apply even for coherent inflow structures noted in
field campaign studies for MCSs over tropical oceans. For radar
precipitation retrievals averaged over climate model grid scales at
the GoAmazon2014/5 site, the use of deep-inflow mixing yields
a sharp increase in the probability and magnitude of precipita-
tion with increasing buoyancy. Furthermore, this applies for both
mesoscale and smaller-scale convection. Results from reanalysis
and satellite data show that this holds more generally: Deep-
inflow mixing yields a strong precipitation–buoyancy relation
across the tropics. Deep-inflow mixing may thus circumvent inad-
equacies of current parameterizations while helping to bridge the
gap toward representing mesoscale convection in climate models.

tropical precipitation | moist convection | mesoscale convective system |
convective parameterization | entrainment

Convective parameterizations in climate and numerical weath-
er prediction models are commonly built around the assump-

tions of an entraining plume model (1–4) for the incorporation
of environmental air into cumulonimbus updrafts. Representa-
tion of entrainment remains a matter of debate (see ref. 5 for
review), introducing poorly constrained parameter sensitivity in
general circulation models (GCMs). This affects simulation of
tropical climate (6, 7) and contributes to uncertainty in global
warming projections (8–11).

Deep convective cumulonimbus can exist in isolation or can
aggregate to give rise to mesoscale convective systems (MCSs)
(12). MCSs in the tropics play a substantial role in redistribution
of heat (13, 14) and momentum (15). Currently, most convec-
tive parameterizations do not take MCSs into account despite
arguments for their inclusion (16–18), including their ubiquity
(19) and their contributions to total rainfall (20) and variability
(21, 22). The distinguishing features of mesoscale convection—
including organized inflow and outflow structures (23–25)—are
excluded in entraining plume subgrid-scale representations and
are too fine to be resolved at a typical GCM resolution, thereby
falling through the cracks of computational compromises. It will
be many years before centennial-scale simulations for effects
of anthropogenic climate change are routinely conducted with
resolutions that explicitly resolve convection (26). In the mean-
time, observational groundwork for incorporating key aspects of
subgrid organization is essential.

Here we seek a formulation of entrainment that is obser-
vationally more representative of mesoscale convection and to

assess the extent to which this can reproduce observed precipi-
tation statistics. In mass continuity terms, the question of lateral
entrainment hinges on how much environmental mass flows into
the updraft as a function of altitude (27). Field observations
suggest that the flow can be highly organized in mesoscale sys-
tems (28–30), and modeling studies (30–32) indicate that deep
convective systems often have a deep layer of environmental
air (sometimes about 4–5 km thick) flowing into their updrafts
through the lower free troposphere, with most of the air origi-
nating above cloud base (31, 32). A “deep-inflow” formulation
of mixing that emphasizes the layer through which the environ-
ment affects the updraft (33) can potentially treat coherent and
smaller-scale turbulent inflow on a compatible basis.

Both observational (33–36) and modeling (37) studies have
suggested that the transition to deep convection is highly sensi-
tive to the availability of moisture in the lower free troposphere,
thus explaining the observed precipitation–column-water-vapor
relation (33, 36, 38–43). Previous efforts have indicated that the
observed sharp increase in precipitation as a function of column
water vapor is associated with effects of air entrained in the lower
troposphere (33, 36). There is thus a need to connect observa-
tional constraints on updrafts with a mixing formulation that can
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predict precipitation onset as a function of plume buoyancy for
GCM parameterization.

In this study, the multiple instruments at the Department
of Energy Atmospheric Radiation Measurement (DOE ARM)
GoAmazon2014/5 site (44) permit a coordinated assessment
of the following: (i) direct estimates of updraft mass flux and
implications for mixing and (ii) evaluation of the relation
between updraft buoyancy derived under this deep-inflow mix-
ing and deep convective onset for both convection that meets
mesoscale spatial criteria and smaller-scale convection. The
robustness of these results is tested across tropical land and
ocean regions, using reanalysis and remote-sensing data.

Updraft Mass Flux in Mesoscale and Smaller-Scale
Convection at GoAmazon2014/5
Profiles of increasing vertical velocity and mass flux with height
suggest large lower-tropospheric inflow into an updraft. Initial
empirical evidence of deep-inflow structure in deep convective
updrafts stems from aircraft sampling of MCSs in field campaigns
over tropical ocean (e.g., ref. 45). Mean characteristics of con-
vective updrafts from radar wind profilers (RWPs) have shown
consistency with field campaign observations and across land and
ocean sites (46–48). We examine updraft mass flux separately for
mesoscale systems and for convection occurring at smaller spatial
scales and ask whether characteristics suggestive of deep-inflow
mixing are sufficiently consistent such that a single framework
for mixing in GCMs can apply to deep convection occurring in
both ranges of spatial scale.

Radar Vertical Velocity. RWP retrievals of vertical velocity from
the GoAmazon2014/5 site (as described in ref. 48) are analyzed
for deep convective events. Hydrometeor fall speed contribu-
tions are accounted for as in ref. 49. Data are averaged into 1-min
intervals for our analysis here.

To ensure sampling of deep convective updrafts, criteria are
imposed for convection, depth, and strength of vertical veloc-
ity: (i) The convection criterion of ref. 48 is applied, which uses
a fuzzy logic-based classifier that relies on reflectivity, mean
Doppler velocity, bright-band signatures, and texture parameters
(49). (ii) The depth criterion ensures that the updrafts sampled
extend from low levels to the upper troposphere (>9 km) by
requiring that 1-min profiles have positive layer-mean vertical
velocities in all of 0–3 km, 3–6 km, 6–9 km, and 9–12 km. The
9- to 12-km layer can be positive immediately before or after
the sampled profile meeting all other criteria, to include cores

tilted in height with time. (iii) The strength criterion demands
that ≥10% of each vertical profile contains vertical velocities
>1 ms−1. Sensitivity tests confirm that the results in Fig. 1 are
robust to modifying this threshold (Fig. S2).

Updraft events are then identified from contiguous 1-min
mean profiles meeting these criteria. We are interested in aver-
age mass flux, especially in the lower troposphere. Each event
typically contains high vertical velocities at some times and
heights (about 30% of profiles exceed 5 m·s−1 at some height),
but note that the updraft mass flux also contains a substantial
contribution from motions <1 ms−1 (at least half the profile in
50% of the samples). Fig. 1A is an example of a strong convective
event with updraft maximum ≈20 ms−1 (50, 51). Fig. 1B shows
the mean vertical velocity of all events, smoothed with a run-
ning mean (window length 0.5 km), with the 90th percentile of all
1-min mean profiles indicating the range of strong upward veloc-
ities within the events. Vertical velocity increases nearly linearly
with height throughout the entire lower troposphere up to the
point where data retrievals near the melting level are masked out
(49). This translates to a mass flux (Fig. 1C) increasing approx-
imately linearly in height throughout the lower troposphere as
calculated from m = ρσw , where ρ is a mean density profile
from radiosonde data, w is the mean vertical velocity, and σ
is estimated simply by the fraction nconv (z )/N , where nconv is
the number of points satisfying the updraft criteria. The normal-
ization N does not affect the vertical structure used for mixing
estimates (here N is profiles with any radar echo present; for
mass flux averaged over the entire observation period, multi-
ply m by 0.11). Alternate definitions yield similar results (47,
48). These results are consistent with studies establishing RWP
methodology (47, 48) and field campaign observations of large
convective systems over tropical oceans (29, 30).

Updraft Mass Flux in Mesoscale and Smaller-Scale Convection. To
compare mean updraft characteristics of mesoscale and smaller-
scale convection, a second radar (S band) is used to identify sys-
tems within a 100-km domain surrounding the GoAmazon2014/5
site (Materials and Methods). Mesoscale systems follow a tra-
ditional definition of having a region of contiguous pixels of
composite radar reflectivity>20 dBZ (in decibel units relative to
1 mm6 m−3) extending 100 km or greater in any direction (12),
with a maximum of 45 dB dBZ or greater. We use the term
“smaller-scale convection” to denote events that likewise have
a maximum exceeding 45 dBZ, but with the 20-dBZ region
less than 50 km in its longest direction. Events with maximum

A B C D

Fig. 1. (A) Example updraft core from radar wind profiler retrievals of vertical velocity on April 14, 2014. (B) Composites of event-average updraft core
vertical velocity for smaller-scale deep convection (30 events; green), mesoscale deep convection (70 events; blue), and all independent deep convective
events sampled (mesoscale plus smaller scale, 100 events; black); the black dashed line is the 90th percentile of all composited 1-min profiles. (C) As in B, but
for mean mass flux profile estimates for mesoscale, smaller-scale, and all events. An idealized mass flux profile for Deep-Inflow-C is overlaid. Dashed line
shows the convective fraction σ. (D) Influence function (Eq. 1, shown for zB≈ 3.3 km) for the weighting of the environmental variable using the observed
mass flux profile for mesoscale and smaller-scale convection and for the Deep-Inflow-B and Deep-Inflow-C idealized mass flux profiles.
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dimensions between 50 km and 100 km are excluded here
to more clearly distinguish typical mesoscale/smaller-scale pro-
files from the spectrum of organization. Although sample size
precludes more detailed distinction, the smaller-size category
commonly includes individual convective cells (see Fig. S1 for
examples of both types). Averages of RWP profiles from both
spatial ranges of convection identified with the S-band radar are
then composited from event means, defined as the means of all
1-min average vertical velocity profiles meeting the convective
core criteria within 45 min of others meeting the same criteria.

Mean vertical velocity and mass flux profiles for 30 smaller-
scale and 70 mesoscale cases are shown in Fig. 1 B and C. The
shape of σ for mesoscale and smaller-scale convection is nearly
identical to σ for all events, so we simply multiply σ for all events
by the means of the vertical velocities for each of the two cate-
gories of convection, to infer their mass flux profiles. The mass
flux for smaller-scale convection is slightly larger in magnitude
throughout the lower troposphere than that for mesoscale con-
vection, but for the purpose of inferring mixing properties, the
magnitude of the mass flux is irrelevant. Rather, the shape of the
profile and the rate of change of mass flux with height determine
the weighting of the inflow of environmental air into the plume.
The increase in vertical velocity and mass flux with height in the
lower troposphere in Fig. 1C is nearly linear and consistent for
both mesoscale and smaller-scale events.

Deep-Inflow Mixing
Given this growth of mass flux with height through a deep lower-
tropospheric layer for both spatial ranges of convection, we
reexamine the assumptions needed to relate the precipitation
from these systems to a measure of updraft buoyancy. Tradition-
ally, environmental air is entrained and is assumed to mix locally
and completely. This places emphasis on the local gradient of
mass flux when computing buoyancy, cloud work function (1),
or equivalent quantities in deep convective parameterizations.
The heterogeneous internal cloud structure from observations
and high-resolution models, however, suggests that the in-cloud
mixing is not always in situ (31, 52).

A nonlocal formulation of entrainment instead emphasizes
layer-mean properties of the inflow. For a level zB at which buoy-
ancy is to be evaluated, let r(zB ) be the average over the updraft
of a conserved variable (ice–liquid water potential temperature
is used here). It is not necessary that this variable be fully mixed,
only that the average represents a reasonable proxy for the buoy-
ancy at the updraft scale. Considering increments of inflow mass
flux ∂m

∂z
dz (where positive) carrying the environmental value r̃ at

the level of inflow z , below zB , this average is

r(zB )=
1

m(zB )

∫ zB

z0

r̃
∂m

∂z
dz =

∫ zB

z0

I (zB , z )r̃(z )dz . [1]

In other words, the contribution of the environmental air enter-
ing the plume is weighted by the incremental increase in mass
flux m with height ∂m

∂z
(z ) normalized by the cumulative mass flux

m(zB ). This influence function I (zB , z ) of the inflow environ-
ment at z on the updraft-average variable at zB depends on two
levels, akin to a matrix approach (53, 54). It has units of km−1

like a traditional entrainment parameter (55), but different ver-
tical structure and interpretation. We estimate it from the radar
mass flux data in the approximation that the inflow in mass flux
remains in the plume through the lower troposphere through the
layer where ∂m

∂z
> 0.

The influence functions (Fig. 1D) from the observed mass flux
profiles exhibit slight variations in which the maximum weighting
occurs above the boundary layer (1–2 km). However, the leading
behavior in both cases is a deep layer of nearly equal weighting
from the boundary layer and lower free troposphere. An approx-
imation as a constant weighting in height (Deep-Inflow-C) and a
version (Deep-Inflow-B) that is relatively constant but tapers to
zero through a deeper layer, as in ref. 33, are overlain in Fig. 1D,

with the corresponding mass flux profile for Deep-Inflow-C given
in Fig. 1C (scaling arbitrary).

The leading approximation m = cz linear in height yields an
inflow weighting I (zB , z )= z−1

B , independent of z , with the con-
stant c canceling. The tunable coefficient conventionally associ-
ated with entrainment is absent, replaced by the geometric con-
sideration of the depth of the layer through which approximately
constant inflow occurs. Differentiating [1] with respect to zB per-
mits translation to a local mixing coefficient, ε=m−1∂m/∂z for
reference to other schemes, although we do not need to assume
that ε is physically well defined, except as contributions to the
layer integral. The constant weighting case corresponds to local
mixing ε= z−1. The integral formulation avoids the singular-
ity, physically clarifies the weighting of the different layers, and
most importantly makes clear why [1] can be expected to apply
for the influence of the environment on mesoscale systems, as
schematized in Fig. 2.

Fig. 2 summarizes the deep-inflow framework, building on
properties of mesoscale systems depicted in the literature (12),
but emphasizing the implied relationship to mixing and its
impacts on buoyancy tested here. The framework is agnostic as
to whether the environmental air is incorporated into the updraft
via coherent inflow or small-scale turbulence. The approximation
of I constant with height through the lower troposphere can cor-
respond to turbulent increase or to a vertically coherent inflow as
is typical in mesoscale systems. No assumption of an influential
initial parcel is needed, and robustness of the integral formula-
tion to incomplete or nonlocal mixing makes it plausible to apply
this to systems that include mesoscale organization.

Precipitation as a Function of Buoyancy at the
GoAmazon2014/5 Site
A bulk measure of plume buoyancy forms the basis for most
deep convective parameterizations, which is strongly sensitive to

Fig. 2. Schematic of the deep inflow of environmental air into a convecting
entity. The inflow can be partly turbulent as has traditionally been assumed
for cumulonimbus clouds, and partly coherent as is typical in mesoscale con-
vective systems (12), and is drawn to emphasize the latter. Colors denote
an environmental conserved variable entering at different vertical levels at
nearly the same rate. These layers therefore contribute similar weighting to
the buoyancy computation at a reference level above the inflow layers (Eq.
1). The inflow layers undergo mixing that is not necessarily local, as depicted
by coalescing filaments of environmental air from different layers.
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Fig. 3. Probability of observing deep convection (see text for crite-
ria) within 1 h of radiosonde launch, conditionally averaged on 1,000–
200 mb mean buoyancy computed with Deep-Inflow-B mixing. Probability
is shown for mesoscale and smaller scale convection. Error bars are 5th- to
95th-percentile Wilson score intervals.

mixing assumptions. It is thus of primary interest to relate buoy-
ancy estimated in the inflow mixing framework to the observed
deep convective onset of both mesoscale and smaller-scale
convection.

Fig. 3 shows the probabilities of deep convection as a function
of vertical-mean buoyancy computed using Deep-Inflow-B mix-
ing. Buoyancy B = g(Tv − T̃v )T̃ v

−1
is computed from virtual

temperature Tv of the updraft and T̃v of the environment using
Eq. 1 transformed in pressure coordinates (33), with condensate
exceeding 1 g·kg−1 removed at each step and condensate frozen
below 0 ◦C. The level zB at which buoyancy is computed ranges
through the troposphere, with the 1,000–200 millibar (mb) aver-
age used as a summarizing measure. Deep convective events
are defined based on S-band radar precipitation rates averaged
over a 100-km box (a typical GCM grid scale) surrounding the
GoAmazon2014/5 site exceeding 0.25 mm·h−1 and composite
reflectivity for at least one point in this domain exceeding 45 dBZ
(an indicator of deep convection). The dimension criterion for
mesoscale systems is relaxed to 50 km (rather than 100 km) to
increase the robustness of the statistics. The sum of the contri-
butions from mesoscale and smaller-scale convection is equal to
the total.

A sharp pickup in the probability of deep convective events
for both mesoscale and smaller-scale convection is seen in Fig.
3 as a function of updraft buoyancy computed using deep-inflow
assumptions. Smaller-scale convective events are more frequent,
but both the categories of convection exhibit a similarly strong
relationship to precipitation, indicating that buoyancy computed
under deep-inflow assumptions is a good predictor of both types
of convection. Similar results are obtained using a work func-
tion, in which buoyancy is weighted by the mass flux, or using
the respective observed influence functions for mesoscale and
smaller-scale convection in Fig. 1D (Fig. S3). If deep-inflow
buoyancy is replaced by convective available potential energy
(CAPE), little relation to deep convection is found (Fig. S4)
(48, 50), highlighting the importance of a deep-inflow influence
function.

Fig. 4 shows conditional averages of precipitation rate as a
function of vertical-mean plume buoyancy computed with the
four deep-inflow influence functions seen in Fig. 1D: two from
the empirical estimates from mass flux for mesoscale cases
(Deep-Inflow-mesoscale) and smaller-scale cases (Deep-Inflow-
smaller scale) and the two approximations to the leading behav-
ior with the influence function constant and constant with a
slight taper (Deep-Inflow-C and Deep-Inflow-B, respectively).
The similarity of the curves strongly indicates that the variations
between the estimated mesoscale and smaller-scale influence
functions in Fig. 1D have small impact and that the leading
behavior controls the buoyancy computation and is insensitive

to the assumptions on the level where inflow ends. In this
sense, deep-inflow mixing has no remaining substantial param-
eter dependence. These results are also robust to the layer
through which buoyancy is averaged or to using a work function
(Fig. S5).

Robustness of Deep-Inflow Assumption across Tropical Land
and Ocean Regions
To test whether the deep-inflow mixing assumptions can capture
the transition to deep convection in different regions, we use a
satellite precipitation-retrieval Tropical Rainfall Measuring Mis-
sion (TRMM) Multi-Satellite Precipitation Analysis (TMPA)
product 3B42 (TRMM 3B42) at 3-h intervals and 25 km resolu-
tion and temperature and moisture from the Interim Reanalysis
product (European Centre for Medium-Range Weather Fore-
casts European Reanalysis; ERA-Interim reanalysis) (Materials
and Methods).

Fig. 5 presents the conditionally averaged precipitation as
a function of vertically averaged buoyancy computed from
the Deep-Inflow-B case within different regions of the trop-
ics including four ocean basins and six different land regions.
Use of the deep-inflow scheme produces a robust pickup in
the precipitation–buoyancy relationship across continental con-
vection regimes. The four ocean basins (Fig. 5A) also show
rapid increases at nearly the same value of buoyancy. Com-
pared with the tropical oceans, some tropical land regimes show
onset at slightly higher values (India and West Africa; Fig. 5B)
or lower values (South America and Maritime Continent; Fig.
5C), while others show precipitation–buoyancy curves in line
with the ocean curves (East Asia in Fig. 5B and Australia in
Fig. 5C). Some differences may be noted for heavily precipitating
points; these may indicate regional differences for the strongest
events but may simply reflect retrieval uncertainties at heavy
precipitation.

Discussion
The GoAmazon2014/5 campaign provides an exceptional oppor-
tunity to study the interaction between deep convection and
the vertically resolved thermodynamic environment. Here, we
present a deep-inflow mixing formulation that is compatible with
coherent inflow structures of mesoscale convective systems. The
coordinated instrumentation permits the evaluation of updraft
characteristics of scale-separated convection from radar data and
the direct testing of the deep-inflow assumption for its ability to
capture deep convective onset.

Empirical evidence for deep-inflow mixing in mesoscale and
smaller-scale deep convection is observed in RWP retrievals
of vertical velocity and buoyancy–precipitation relations at the
GoAmazon2014/5 site. A striking similarity in updraft vertical
velocity and mass flux profiles for both forms of deep convection
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Fig. 4. Precipitation rate (100-km average from S-band radar data ±1 SE)
within 1 h of radiosonde launch conditionally averaged on 1,000–200 mb
mean buoyancy using the four variants of deep-inflow mixing derived in
Fig. 1D.
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A B C

Fig. 5. TRMM 3B42 precipitation conditionally averaged by the mean lower-tropospheric buoyancy (600 mb surface) over different oceanic (A) and
continental (B and C) regions of the tropics. Tropical Western Pacific precipitation is used as the reference and is shown as black circles in B and
C. Domains for the regional statistics are as follows: Western Pacific (W.Pac.), 10S–5N, 130E–150E; Indian Ocean (Ind.Ocn), 10S–5N, 70E–90E; Eastern
Pacific (E.Pac.), 5N–15N, 240E–260E; Atlantic (Atl.), 5N–15N, 320E–340E; India, 10N–25N, 75E–90E; West Africa (W.Afr.), 10N–20N, 350E–10E; East Asia
(E.Asia), 15N–25N, 105E–125E; South America (S.Amr.), 10S–5N, 285E–310E; Maritime Continent (MC), 7S–7N, 95E–145E; and Australia (Aus.), 20S–10S,
125E–145E.

emerges, in which updraft mass flux increases nearly linearly with
height throughout the lower troposphere. Influence functions
derived from these profiles indicate a leading behavior of rela-
tively constant weighting of environmental variables through this
layer.

Buoyancy computed with deep-inflow mixing assumptions
exhibits strong relationships to the probability of precipita-
tion and conditional average precipitation from S-band radar.
A sharp pickup in both precipitation measures occurs with
increasing vertical-mean buoyancy, a relation as strong as or
stronger than the relations observed between column-integrated
moisture and precipitation (36) at the GoAmazon 2014/5 site.
The behavior is robust to variants of deep-inflow mixing and
remarkably similar between mesoscale and smaller-scale deep
convection.

We interpret this similarity as the two categories of con-
vection—separated by spatial scale—being sustained by the same
basic mechanisms driving buoyancy, with the inflow of environ-
mental air into updrafts coming from a roughly comparable deep
layer in both cases. The mesoscale systems are commonly pre-
existing and propagate into the region where the sounding is
observed, but the probability of that system continuing to pro-
duce precipitation is still controlled by the available buoyancy.
Considering inflow through a deep lower tropospheric layer
provides a physically intuitive and observationally consistent
approach to entrainment that works for conditions supporting
both types of convective entities.

In considering applications of the deep-inflow framework to
modeling, several caveats should be noted. The onset of condi-
tionally averaged precipitation begins at slightly negative values
of lower-troposphere integrated buoyancy. This could be due
to sampling mismatches between precipitation and the ther-
modynamic field or could point to influence of effects beyond
the buoyancy considerations here that should be incorporated,
including cold pool activation energy (56), updraft contribu-
tions recycled from the cloudy environment (31), lifecycle and
propagation effects (16–18), or precipitation from less intense
convection or stratiform rain. The deep-inflow structure is rep-
resentative of deep convection and may not be directly transfer-
able to shallow or congestus-type convection, in which coherent
structures may play a less dominant role.

Examination of the precipitation–buoyancy relationship with
TRMM 3B42 precipitation and thermodynamic profiles from
ERA-I reanalysis confirms that deep-inflow assumptions can
robustly predict deep convective onset for tropical land and
ocean regions alike. The use of a deep-inflow–based buoyancy

captures the well-documented sensitivity of tropical convec-
tion to free tropospheric humidity as well the influence of the
boundary layer.

Implications
These results suggest that two of the key challenges faced
by climate model convective parameterizations—representing
the effects of MCS convection and sensitivity to poorly con-
strained entrainment—may be linked. The influence functions
estimated here were motivated by seeking a buoyancy com-
putation that could usefully apply to deep convection asso-
ciated with mesoscale systems. The similarity of deep-inflow
estimates between smaller-scale and mesoscale systems sug-
gests commonalities in representing precipitation production
in both types of convective entities. The deep-inflow mixing
estimated here suggests broader physical interpretations than
traditional entraining plume formulations—in particular, con-
sistency with the inclusion of coherent inflow—yet could be
implemented within existing formulations. For the conditions
of interest here, meeting deep convective criterion and testing
for a relationship to strong precipitation, the influence of the
environment is comparable for mesoscale and smaller-scale sys-
tems and is strong through the inflow layer. The deep-inflow
formulation, derived from vertical mass flux estimates, poten-
tially eliminates a leading parameter sensitivity in conventional
parameterizations, while showing predictive capability for the
probability and magnitude of precipitation as a function of
buoyancy.

Materials and Methods
Radar data from the GoAmazon2014/5 field campaign are from the DOE
ARM Mobile Facility (March 2014–October 2015) near Manacapuru, Brazil
(site T3, 3.21◦S, 60.60◦W, 50-m altitude) (57). Profiles of vertical velocity
and radar reflectivity are from a 1,290-MHz RWP reconfigured for precipita-
tion modes, with a vertical resolution of about 200 m (48) and beam width
of ≈1 km below 10 km altitude. S-band radar data are from a system based
at Manaus, Brazil at site T1 (3.15◦S, 59.99◦W). Rain rates are from base
(2.5 km) reflectivity using the reflectivity–rain rate (Z-R) relation z =

174.8R1.56 derived from disdrometer data. These data are averaged within
a 100-km grid box around site T3, but shifted slightly east of center due
to data quality outside a 110-km radius of the radar. Composite (i.e., verti-
cal maximum) reflectivity is used to distinguish mesoscale from smaller-scale
convection within a 100-km grid box centered on T3.

Thermodynamic profiles are from radiosondes at the T3 site (launched
0130 hours, 0730 hours, 1030 hours; wet season only, 1330 hours and
1930 hours local time), interpolated to 5-mb intervals for mixing compu-
tations. Profiles are excluded if rain occurred at T3 ≤ 4 h before to avoid
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sampling within a cold pool or an environment modified by prior pre-
cipitation processes (58). Conditional probability and conditional-average
precipitation are computed at 0.02-ms−2 intervals in Figs. 3 and 4, for inter-
vals with a minimum of 10 counts total, including nonprecipitating values.
In the larger datasets in Fig. 5, 0.005-ms−2 intervals and 100-count minimum
are used.

The TRMM 3B42 (59) is on a 0.25◦ grid, based on satellite snapshots
within 3-h intervals. Temperature and moisture are from the European
Center for Medium Range Weather Forecast (ECMWF) ERA-Interim product
(60) on a 0.25◦ grid and at 6-h intervals. The ERA-I data were horizontally
regridded to match the TRMM 3B42 grid and interpolated to 5 mb vertical

resolution. TRMM 3B42 data were used at intervals corresponding to the
ERA-I data, during September 2001–December 2014.
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